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Background: Mutations in the E-cadherin (CDH1) gene are a well documented cause of hereditary diffuse
gastric cancer (HDGC). Development of evidence based guidelines for CDH1 screening for HDGC have
been complicated by its rarity, variable penetrance, and lack of founder mutations.

Methods: Forty three new gastric cancer (GC) families were ascertained from multiple sources. In 42 of
these families at least one gastric cancer was pathologically confirmed to be a diffuse gastric cancer
(DGC); the other family had intestinal type gastric cancers. Screening of the entire coding region of the
CDH1 gene and all intron/exon boundaries was performed by bi-directional sequencing.

Results: Novel mutations were found in 13 of the 42 DGC families (31% overall). Twelve of these mutations
occur among the 25 families with multiple cases of gastric cancer and with pathologic confirmation of
diffuse gastric cancer phenotype in at least one individual under the age of 50 years. The mutations found
include small insertions and deletions, splice site mutations, and three non-conservative amino acid
substitutions (A298T, W409R, and R732Q). All three missense mutations conferred loss of E-cadherin
function in in vitro assays. Multiple cases of breast cancers including pathologically confirmed lobular
breast cancers were observed both in mutation positive and negative families.

Conclusion: Germline truncating CDH1 mutations are found in 48% of families with multiple cases of
gastric cancer and at least one documented case of DGC in an individual under 50 years of age. We
recommend that these criteria be used for selecting families for CDH1 mutational andlysis.

death worldwide." There are two major histological

variants: (1) diffuse gastric cancer (DGC) and (2)
intestinal type gastric cancer (IGC).> In the diffuse form, a
malignant infiltrate containing cells that have a large globule
of intracellular mucin and an eccentric nucleus permeates the
wall of the stomach, often spreading under histologically
normal mucosa. In the more common intestinal type, the
malignant cells exist in glandular structures with variable
levels of differentiation. Approximately 10% of gastric cancers
have a mixed phenotype; the genetic basis for the phenotypic
heterogeneity in these cases is believed to be somatic E-
cadherin loss in the diffuse gastric cancer component of such
tumours.” The relative frequency of diffuse and intestinal
cancers varies with the population surveyed and the
classification criteria used.*

A small proportion of diffuse gastric cancers, perhaps as
few as 1%, occur in families with autosomal dominant gastric
cancer susceptibility.” Although only a minority of gastric
cancers are hereditary, the identification of such cases offers
the opportunity to provide genetic counselling, genetic
testing for gastric cancer susceptibility, and gastric cancer
risk reduction strategies to as yet unaffected family members
at risk for the development of gastric cancer. Gastric cancer is
usually lethal if diagnosed at a late stage (<20% 5 year
survival) but is curable if resected before invasion through
the gastric wall (>90% 5 year survival'). Unfortunately, most
gastric cancers, and DGCs in particular, become symptomatic

Gastric cancer is one of the leading causes of cancer
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only when they are incurable. Effective treatment of familial
gastric cancer, therefore, depends on the presymptomatic
identification of individuals at risk for this cancer.

The majority of families with autosomal dominant gastric
cancer susceptibility have diffuse type gastric cancer.
Hereditary diffuse gastric cancer (HDGC) has also been
noted to occur in families in combination with breast cancer,
particularly lobular breast cancer (LBC). In 1999 the
International Gastric Cancer Linkage Consortium (IGCLC)
defined hereditary diffuse gastric cancer by clinical criteria
that include: (1) any family with two or more documented
cases of diffuse gastric cancer in first or second degree
relatives with one case under the age of 50, or (2) three
documented diffuse gastric cancers in first or second degree
relatives at any age.’

Germline mutations in the E-cadherin gene (epithelial
cadherin, CDH1, OMIM# 192090) have been demonstrated
to underlie disease in some but not all HDGC families, but
not in hereditary intestinal type gastric cancer families.”
CDHI1 mutations were first described in three Maori families
with autosomal dominant diffuse gastric cancer.® Since then,
germline loss of function mutations have been demonstrated

Abbreviations: FAP, familial adenomatous polyposis; FFPE, formalin-
fixed paraffin embedded; HDGC, hereditary diffuse gastric cancer;
HNPCC, hereditary non-polyposis colon cancer; IGC, infestinal type
gastric cancer; LCIS, lobular breast carcinoma in situ; PJS, Peutz-Jeghers
syndrome
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to underlie approximately 30% of HDGC in families of various
ethnic backgrounds.” "> E-cadherin is a member of the
cadherin family of adhesion molecules, which are transmem-
brane glycoproteins mediating calcium-dependent cell-cell
adhesion." E-cadherin is critical for establishing and main-
taining polarised and differentiated epithelia during devel-
opment. It also plays important roles in signal transduction,
differentiation, gene expression, cell motility, and inflamma-
tion. Somatic loss of E-cadherin expression is considered to
be a defining feature of both DGC and lobular breast
cancer.'”

We ascertained 43 apparent cases of hereditary gastric
cancer and screened them for germline E-cadherin mutations
to determine the optimum criteria for clinical testing and to
identify other cancer risks associated with germline E-
cadherin mutations.

METHODS

Families and patients

A total of 43 families were identified: 18 from Canada, five
from the United States and 20 from the United Kingdom.
Ethnicity was known in 20/43 families. Of these, 15 were of
Northern European descent. The others were of Spanish,
Haida, French-Canadian, and Italian descent. The criteria
used for ascertainment and testing are described in table 1.
Criteria 1 and 2 are the IGCLC criteria for HDGC families.
Criteria 1A and 2A are similar to 1 and 2 but have been
relaxed to account for the difficulty in obtaining pathologic
confirmation on referral cases. The age of onset of GC in
these families ranged from 9 to 65 years of age. Other cancers
seen in these families include lobular breast, colon, prostate,
ovarian, head and neck, and oesophageal cancers. Examples
of two of the HDGC families are shown in figs 1 and 3A.
Constitutional genomic DNA was extracted by standard
methods from a blood sample from one affected individual
of each family, usually the proband. In two families, blood
samples from an as yet unaffected family member were used
(table 2); in one family, an obligate carrier was screened
because DNA of an affected family member was unavailable
and, in another family, an at risk first degree relative was
screened. In both cases, a mutation was found. The
investigations were performed after approval by the Clinical
Research Ethics Board of the University of British Columbia.
Informed consent was obtained from each subject, or next of
kin in the case of a deceased affected individual.
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DNA extraction

Patients” peripheral blood samples were collected in EDTA
tubes. The buffy coat layers of whole blood were treated with
Puregene RBC lysis solution (Gentra Systems, MN, USA) and
cell wash. A portion of white cells was used for DNA
extraction and remaining cells were stored in freezer media.
Puregene DNA Purification Kit (Gentra Systems) was used
and the manufacture’s manual was followed for genomic
DNA isolation.

Paraffin embedded sections from normal tissue were
deparaffinised with xylene for 5 min at room temperature
and centrifuged at 14 000 rpm for 3 min. After removal of
the xylene, the samples were treated with 100%, 70% and
50% ethanol series for rehydration. Pellets were dried and
incubated with Proteinase K (10 mg/ml Proteinase K, 1 M
KCl, 1 M Tris pH 8.0, 1 M MgCl,) at 56°C overnight and then
boiled to inactivate the enzyme and centrifuged at
14 000 rpm. The supernatant was purified by phenol/chloro-
form extraction. DNA was precipitated with 100% ethanol,
dried at room temperature and resuspended with ddH,O.

Variant detection sequencing

Primers were designed using Primer 3 (http:/www-genome.
wi.mit.edu/cgi-bin/primer/primer3 www.cgi). Forward and
reverse primers incorporated the -21MI13F (TGTAA
AACGACGGCCAGT) or MI3R (CAGGAAACAGCTATGAC)
extensions, respectively, at their 5" ends. The sequences of
all primers used in this study, and their annealing tempera-
tures, are shown in table 3. PCR reactions were carried out in
a volume of 20 pl containing 10 ng genomic DNA template,
1 mM MgSO,, 0.5 uM of each PCR primer, 2 mM dNTPs,
1 xPfx Amplification Buffer and 0.25 U Platinum Pfx DNA
polymerase (Invitrogen, ON, Canada). Thirty cycles of 30 s at
94°C, 30 s at a primer pair specific annealing temperature of
50-65°C and 1 min at 68°C were performed in programmable
thermocyclers (MJ Research PTC-225 or Tetrads, Waltham,
MA). A 3 pl aliquot of each PCR reaction was run on a 2%
agarose gel to confirm the size, quantity, and purity of
each PCR product. The remaining 17 pl of PCR product
was purified using AmPure magnetic beads (Agencourt
Bioscience, Beverly, MA) and eluted in a volume of 30 pl of
TE (Tris-EDTA pH 8.0) according to the manufacturer’s
instructions. A 2 pl aliquot of purified PCR product was then
cycle sequenced using Big Dye Terminator Mix V.3 at 0.25x
chemistry in a total volume of 4 pl (Applied Biosystems,
Foster City, CA). Both forward (—21MI13F primer) and

Table 1 CDH1 mutation status and study criteria
Truncating Splice site Missense Total number of

Criteria no  Definition Families (n)  mutations (n) tations (n) tations (n) tati

1 Two or more documented cases of DGC in first degree 15 5 1 2 8 (53%)
relatives, with at least one diagnosed before age 50

1A Two or more cases of GC, with at least one DGC 10 3 1 0 4 (40%)
diagnosed before age 50

2 Three or more documented cases of DGC in first degree 1 0 0 0 0
relatives, diagnosed at any age

2A Three or more cases of GC, diagnosed at any age, with 3 0 0 0 0
at least one documented case of DGC

3 Isolated individual diagnosed with DGC at less than 45 9 0 0 0 0
years of age

4 Isolated individual diagnosed with both DGC and lobular 0 0 0 0 0
breast cancer (no other criteria met)

5 One family member diagnosed with DGC and another 3 0 0 0 0
with lobular breast cancer (no other criteria met)

6 One family member diagnosed with DGC and another 1* 0 0 1 1 (100%)
with colon cancer (no other criteria met)

7 Intestinal gastric cancer 1 0 0 0 0

*Family member with signet ring carcinoma of the colon.
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reverse (MI13R primer) directions were sequenced. Cycle
sequencing reactions consisted of 30 cycles of 10 s at 96°C, 5 s
at 52°C (—21M13F forward primer) or 43°C (M13R reverse
primer), and 3 min at 60°C. Reaction products were
precipitated with isopropyl alcohol, washed with 70%
ethanol, and resuspended in 8 pl of double distilled water
before loading on ABI 3700 capillary sequencers. Sequence
reads were base-called using Phred and sequence reads
assembled with reference sequences using Phrap.” ** Contigs
of sequence traces corresponding to each exon were
examined using PolyPhred'® for detection of heterozygotes
and visualised in Consed' to facilitate verification of
sequence variants by examination of individual traces.

Single strand conformation polymorphism (SSCP)
analysis of CDH1 for formalin-fixed paraffin
embedded (FFPE) DNA samples

In four families (F10, F19, F20, and F21), only DNA extracted
from paraffin tissue blocks was available. In these cases, the
CDHI1 gene was screened by SSCP.

FFPE germline DNA from six samples were screened
for CDH1 mutations by PCR of all exons and intron-
exon boundaries followed by SSCP analysis on 8%
polyacrylamide, 10% glycerol, and 0.5xTBE gels. Primer
sequences were based on those reported previously,"” except
for exons 1-5, which were amplified using new primers
(EX1F: 5'-TACGGGGGGCGGTGCCT-3"; EXIR: 5'-CTGGGG
CGCGGAGCTTG-3'; EX2F: 5'-TACCCCGGTTCCATCTACC
TTT-3'; EX2R: 5'-GCAATTTCTCGGCCCCTTTCC-3'; EX3AF:
5'-GTCTTTAATCTGTCCAATTTCC-3'"; EX3AR: 5'-GCGTAGA
CCAAGAAATGGAT-3'; EX3BE: 5'-TACAGTCAAAAGGCC
TCTACG-3"; EX3BR: 5'-AAACAACAGCGAACTTCTCAG-3;
EX4R: 5'-CCAGAGAAACAGAGAAC-3'; EXS5F: 5'-CTAATT
CTTTTTCTTTCATTITG-3'; EX5R: 5'-TGGGTGGATGTTACCC
CG-3"). PCR was performed in a 20 pl reaction volume with
a buffer of 20 mM Tris-HCl pH 8.4, 50 mM KCI, 1 mM
dNTPs, 1-3.5 mM MgCl, (1.0 mM for exon 1; 1.5 mM for
exons 2, 3A, 3B, 7, 8, 12, 14; 3.0 mM for exons 5, 6, 9, 11, 15;
3.5 mM for exons 10, 16), 0.45 uM each primer, 0.05 U Taq
polymerase (Platinum Taq, Invitrogen Life Technologies,
USA) and 2.0 pCi o->’P. Furthermore, 5% DMSO was added
to exon 1 PCR. The following cycling conditions were used:
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30s at 94°C, 30 s at optimised annealing temperatures
ranging from 51°C to 68°C (51°C for exon 8, 56°C exon 9,
57°C exon 5, 58°C exon 4, 60°C exon 3A, 62°C exons 3B, 6, 7,
10, 64°C exons 11, 12, 14, 16, 65°C exon 15, 66°C exon 13, and
68°C exons 1, 2) and 45 s at 72°C. Reaction products were
diluted 1:1 with denaturing buffer (formamide with 0.025%
xylene cyanol and 0.025% bromophenol blue) and heated to
94°C for 4 min before loading. Two sets of gel run conditions,
18 h at 4°C and 22 h at room temperature, were used except
for exon 1 where only the room temperature run was done.
Products were detected by autoradiography. For exons
containing any possible band shifts the PCR was repeated.
Samples were run on a 2% agarose gel and purified using a
MinElute gel extraction kit (Qiagen, Valencia, CA) and eluted
into a volume of 10 pl according to the manufacturer’s
instructions. A 2 pl sample of purified product was then
sequenced using a Big Dye Terminator V.3 cycle sequencing
kit (Applied Biosystems, Foster City, CA) in a final volume of
10 pl. All samples were sequenced in both directions. Cycle
sequencing conditions were: initial denaturation of 96°C for
3 min followed by 25 cycles of 96°C for 30 s, 58°C for 30 s,
and 60°C for 2 min. Reaction products were precipitated with
cthanol/sodium acetate, washed with 70% ethanol, and
resuspended in 15 pul of template suppression reagent
(Applied Biosystems, Foster City, CA) before loading on an
ABI capillary sequencer.

RT-PCR assay for IVS11+5 splice site mutation

RNA was extracted from a skin biopsy using Trizol
(Invitrogen, ON, Canada). The RNA was DNAsel treated
prior to being reverse transcribed. DNAsel treatment was
carried out in a final volume of 10 pl containing 1 pg RNA 1 x
DNAsel buffer and 1 U DNAsel. Samples were incubated at
room temperature for 15 min, 0.5 pl of 25 mM EDTA was
added, and the samples were heat inactivated at 65°C for
10 min. The reverse transcription was performed in a volume
of 25 pul containing 1 xMMLV buffer, 8 mM DTT, 400 pM
dNTP, random hexamers, and 400 U MMLV. The samples
were incubated at room temperature for 10 min and 37°C for
1 h followed by heat inactivation of the reverse transcriptase
at 65°C for 10 min. A 1 pl aliquot of reverse transcribed
product was amplified in a final volume of 25 pl containing
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gene (see table 2 and fig 2).
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1xPCR buffer, 1.5 mM MgCl,, 200 pM dNTP, 0.5 pM
forward and reverse primer and 1 U Taq polymerase
(Invitrogen, ON, Canada). Cycling conditions were as
follows: initial denaturation at 94°C for 1 min, followed by
35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min.
Samples were run on a 2% agarose gel for visualisation. For
the patient sample both bands were excised from the gel and
purified using a QIAquick gel extraction kit and eluted into a
30 pl volume. A 1.5 pl aliquot of purified product was then
sequenced using a Big Dye Terminator V.3 cycle sequencing
kit (Applied Biosystems, Foster City, CA) in a final volume of
10 pl. Cycle sequencing conditions were: initial denaturation
of 96°C for 3 min followed by 25 cycles of 96°C for 30 s, 55°C
for 30s, and 60°C for 2 min. Reaction products were
precipitated with ethanol/sodium acetate, washed with 70%
ethanol, and resuspended in 15 pl of template suppression
reagent (Applied Biosystems, ON, Canada) before loading on
an ABI capillary sequencer.

Functional assessment of missense variants
Construction of the plasmids encoding wild type and
mutant E-cadherins

CHO-K1 (Chinese hamster ovary) cells stably expressing the
E-cadherin cDNA mutants were established by electropora-
tion as previously described.'® " Briefly, mutant plasmids
were obtained by nested PCR using specific primers using
wild type E-cadherin cloned in pcDNA3 as DNA template
(G2195A: For 5'-CTGTTTCTTCAGAGGAGAGCG-3’, Rev 5'-
CGCTCTCCTCTGAAGAAACAG-3’; T1225C: For 5'-AATACCC
CAGCGCGGGAGG-3', Rev 5'-CCTCCCGCGCTGGGGTATT-3';
G892A: For 5'-ACAATACCGCCATCGCTTAC-3', Rev 5'-
GATGGCGGTATTGTAGGTGT-3"). After transfection, cells
were grown at 37°C under 5% CO, in humidified air, in
a-MEM (+) medium (Gibco BRL) supplemented with 5%
foetal bovine serum, 2 mM 1-glutamine, 1% penicillin/
streptomycin, and 1 mg/ml geneticin. Single cell clones were
selected and analysed for E-cadherin expression by Western
blotting, using the human E-cadherin monoclonal antibody
HECDI1 (R&D System, 1/3500 dilution) for protein staining.
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At least two independent clones for each cell line were used
in each experiment, to exclude clonal dependence of the
results.

Cell aggregation assay

As previously reported,' ' the ability of cells to aggregate was
characterised in a fast aggregation assay. Briefly, single cell
suspensions of transfected cells were incubated in an isotonic
buffer containing 1.25 mM Ca®*. Particle diameters were
measured at the start (Tp) and after 30 min (Tsp), using an
LS200 particle size counter (Coulter Electronics). Results
were plotted against the percentage of volume distribution.
The E-cadherin-blocking antibody MB2 (1/20 dilution) was
used as a control for inhibition of aggregation.

Collagen invasion assay

The invasion assay was performed as previously described.'® "
Briefly, collagen gels with a minimum thickness of 250 mm,
were prepared in a 6 well plate (Nunc International,
Rochester, NY), from a collagen type I solution (Upstate
Biotechnology, Lake Placid, NY), and polymerised overnight
at 37°C. Mutant E-cadherin expressing cells (1x10°) were
incubated on top of the collagen gels, for 24 h at 37°C and
invasion indices (%) expressed as ratios between the number
of invasive cells inside the gel and the total number of cells,
counted in at least 12 microscopic fields.

RESULTS

Variant detection sequencing of the CDH1 gene

Ten loss-of-function mutations including two insertions, five
deletions, two splice site substitutions, and one complex
deletion/insertion involving a splice site were seen in 10
different families (table 2). Three missense mutations were
also identified (table 2). Their functional consequences are
described below. All mutation carriers found were hetero-
zygous for a specific mutation, consistent with the autosomal
dominant inheritance of HDGC in these families. No two
families had the same mutation. All mutations seen were
novel (not seen before). Of the three mutations involving
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Figure 2 CDH1 mutations found to date. Truncating and splice site mutations are found above the schema, missense mutations below it. Mutations
found in the present study are indicated in red. Those marked with an asterisk have also been reported as somatic mutations in sporadic DGC.

Polymorphisms are not sﬁlown.

www.jmedgenet.com


http://jmg.bmj.com

512 Brooks-Wilson, Kaurah, Suriano, et al

O © I%’:=O ,%

& &' (J; [ Gastric cancer
@) Breast cancer

Ovarian cancer

& & o

[ & Other cancers
B Normal
AGACAATGGTAAGGGEGGCCTCATC AGACAATGEGBETAANGGEGGBCCTCATCC

| |

)

600 bp
450 bp

CTCCAGTTGCTACTG GAACAGGG AC

CACTGCCCAGG AGCCAGACACAT T TATGGAACAGAAAATAAQGT T

Figure 3 (A) Family F11. (B) Sequencing of genomic DNA. Arrow indicates location of G to A substitution. (C) Results of RT-PCR. Lane 2 shows both
the normal band (u Fper band) and the band with deletion of exon 11. Lanes 3 and 4 show the RT-PCR from normal control samples. Sequencing

chromatogram confirms complete loss of exon 11.
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splice sites, the one in family F1 was a G to A substitution of
the highly conserved (+1) position of the splice donor site of
IVS5, a substitution almost certain to have functional
consequences for the splicing of that intron, and likely to
lead to in-frame deletion of exon 5 from the transcript.
Consistent with this predicted effect being deleterious for the
function of E-cadherin, an exon 5 deletion has previously
been described as a somatic CDH1 mutation in invasive
lobular breast cancer.”® The second splice site mutation was a
G to A substitution at the (+5) position of IVSI1 in family
F11 (fig 2). This mutation leads to the deletion of exon 11
from the CDH1 transcript as demonstrated by RT-PCR (fig 3).
The third splice site variant involved a deletion of the exon 8/
intron 8 splice boundary and would be expected to have an
adverse functional effect. All the mutation positive families
were of Northern European descent except for family F10
(Italian) and family F42 (Spanish). All the mutations in this
study have been deposited into the database, dbSNP (http://
www.ncbi.nlm.nih.gov/SNP/).
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A total of 29 DGC families were identified that did not have
CDHI1 mutations within their protein-coding exons. Germline
deletion of the entire CDH1 gene can be excluded for 23/29 of
these families by the presence of heterozygosity for poly-
morphisms within CDHI exons or in flanking intronic
sequences. Deletion of single whole exons of CDHI cannot
be ruled out by this screening method; however, this
mechanism is unlikely to account for all of the 29 families
studied that did not show CDHI1 mutations.

Functional assays of missense mutations

Sorting Intolerant from Tolerant (SIFT)*' uses evolutionary
conservation to predict the impact of amino acid substitu-
tions on protein function. SIFT analysis predicted that all
three missense mutations identified in DGC families affect
conserved residues and would be expected to have deleter-
ious effects on protein function. Residue W409 and R732 are
conserved in human, mouse, rat, Xenopus, and zebrafish,
implying an important function. W409 is found in the third

Table 2 Details of the gastric cancer families in the study and mutations detected
Family members with CDH1 mutation:

Family Study criteria Other family members with breast cancer, n (confirmed  exon, nucleotide

no Cancer type, age  met gastric cancers, n (ages) lobular breast cancer) (amino acid) Type of mutation

F1 DGC, 40 1A 3 (36, 48, 50) 1 IVS5(+1) G>A Splice site

F2 DGC, 33 1 21 (35, 42) 0 Exon 12, 1779insC Insertion

F3 DGC, 9 1A 1 (40) 0 Negative

F4 Unaffected 1A 8 (42, 45, 49, 57,75,79,79, 1 Exon 15, 2310delC  Deletion

unknown)

F5 Colon, 74 1 4 (251, 421, 50, unknown) 3 Negative

Fé DGC, 45 5 0 3() Negative

F7 DGC, 51 6* 0 0 Exon 9, T1226C Missense
(WA409R)

F8 DGC, 62 2A 3 (58, ~60, 63) 0 Negative

F9 DGC, 61 1 4(17, 32¢, 46+, 474) 4 Exon 9, 1212delC  Delefion

F10 DGC, 32 1A 6 (40, 42, 45, 50, 55, 56) 2 Exon 3, 382delC Deletion

F11 DGC 48 1 2 (44t, 441) 5(1) IVS11(+5) G>A splice site

F12 DGC, 31 3 0 0 Negative

F13 Unaffected (colonic 1 2 (36, 701) 4 (2) Exon 14, G2195A Missense

polyp) (R732Q)
Fl4  DGC, 65 2A 2 (44, 70) 0 Negative
F15 Bilateral lobular 5 1 (401) 1 Negative
breast cancer, 52

F16 DGC, 24 1 11 (47) 0 Exon 13, 2061del Deletion
(TG)

F17 Prostate, 72 1A 5 (30, 371, 391,50, 70) 0 Negative

F18 DGC, 32 1A 1 (40) 0 Exon 10, 1476del Deletion
(AG)

F1I9  DGC,74 g 0 302 Negative by SSCP

F20 DGC, 75 2A 2(55,72) 0 Negative by SSCP

F21 DGC, 58 2A 1(59) 0 Negative

F22 GC, 61 7 6 (54%; 59; 74; 3 in 70s) 2 Negative

F23 Unaffected 1A 2(421; 60s) 2 Negative

F24 Oesophageal, 62 1A 3 (~50, 63, 65) 0 Negative

F25 DGC, 34 1 2 (50, 581) 0 Exon 8, 1064insT Insertion

F26 DGC, 36 1 2 (321, 33) 0 Exon 7, G892A Missense
(A298T)

F27 DGC, <50 3 0 0 Negative

F28 DGC, 43 1A 1 (60) 0 Negative

F29 DGC, <50 3 0 0 Negative

F30 DGC, 55 1 3 (441, 521, unknown) 2 Negative

F31 DGC, <50 3 0 0 Negative

F32 DGC, 45 3 0 0 Negative

F33 DGC, 48 3 0 0 Negative

F34 DGC, 33 1 2 (351, unknown) 0 Negative

F35 Oesophageal, 60 1 3 (341, 441, 68) 0 Negative

F36 GCy, 46 1A 1 (unknown) 0 Negative

F37 DGC, 36 3 0 0 Negative

F38 DGC, 39 1 31 (33, 67, 69) 0 Negative

F39 DGC, 48 3 0 0 Negative

F40 DGC, 38 1 1(54) 0 Negative

F41 DGC, 27 1 3 (301; 32t; unknown) 0 Exon 8, 1134 del8,  Deletion and
ins5 insertion

F42  DGC, 41 1 2 (44, 57) 0 Negative

F43 DGC, <50 3 0 0 Negative

1DGC, confirmed by pathology report; $IGC, confirmed by pathology report; JMixed histology, confirmed by pathology report.
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Table 3 Primer sequences used in the study and their annealing temperatures
Exon Forward 5'-3’ Reverse 5'-3’ T (€)
1 M13F GTGAACCCTCAGCCAATCAG M13R TGACGACGGGAGAGGAAG 63
2 M13F TGTTGGTTTCGGTGAGCAG M13R GGTGTGGGAGTGCAATTTCT 61
5 M13F CGCTCTTTGGAGAAGGAATG M13R AACGGTACCAAGGCTGAGAA 58
4 M13F GCTGTCTGGCTAGGTTGGAC M13R TTTTCCCTTTCTCTCCTTIGG 58
5 M13F GAAAGGGAAAAGACCCAGTG M13R GGATCCAGCATGGGTTGAC 58
6 M13F GCCCCTTCTCCCATGTTT M13R CTTTGGGCTTGGACAACACT 56
7 M13F GGGCAGAATTGGATTAAGCA M13R TGTCCACGGGATTGAGCTA 57
8 M13F CTGGGCTAGGCCAAAGGT M13R CCATGAGCAGTGGTGACACTT 57
9 M13F AATCCTTTAGCCCCCTGAGA M13R AGGGGACAAGGGTATGAACA 61
10 M13F CCAAAAGCAACAGTTAAGGA M13R CAAATGACAAAATGCCATGA 56
11 M13F AGCGCTTAAGCCGTTTTCA M13R GAGGGGCAAGGAACTGAACT 60
12 M13F AAGGCAATGGGGATTCATTA M13R ATTIGAAAGGTGGGGATCTGG 59
13 M13F CAATTTTATTICTGGAATGAGCTTTT ~ M13R CAGGAAATAAACCTCCTCCATTT 55
14 M13F GCTGCTTCTGGCCTTCTTTA M13R GCTGTTTCAAATGCCTACCTCT 55
15 M13F TGAACATAGCCCTGTGTGTATG M13R TITTTGACACAACTCCTCCTG 58
16 M13F AGACTTCTTGCCCCAGATGA M13R AACCACCAGCAACGTGATIT 63
Forward primers have —21M13F tail attached for sequencing: TGTAAAACGACGGCCAGT; reverse primers have
M13R tail attached for sequencing: CAGGAAACAGCTATGAC.

calcium binding domain of the E-cadherin protein; R732 is
located at the intracellular border of the cytoplasmic domain
of the molecule. Residue A298 is in the second calcium
binding domain of the molecule and is conserved in all these
species but Xenopus, which contains a conservative substitu-
tion of glycine for the alanine residue.

To confirm the theoretical prediction of a deleterious effect
on protein function for the three identified E-cadherin
germline missense mutations, functional assays including
cell—cell adhesion and collagen invasion have been performed
in vitro. CHO E-cadherin negative cells with epithelial origin
have been used as cell model system and transfected to stably
express the different E-cadherin germline mutations. To
exclude clonal dependence of the results, at least two
independent clones for each mutation have been used for
the functional analysis; results have been discussed in
comparison to what was observed for cells expressing the
wild type protein. For the study, only clones expressing an
equal amount of protein upon transfection were selected
using quantitative Western blot analysis. All three mutants
resulted in the expected 120 kDa band. Results for the
functional characterisation are reported in table 4. All
mutations dramatically affect the ability of E-cadherin to
mediate cell-cell adhesion and suppress cell invasion,
supporting their pathogenic role in gastric cancer.

Family ascertainment criteria and CDH1 screening

To determine the optimal inclusion criteria for families for
CDHI1 diagnostic screening, we assessed six different criteria
for ascertainment of families and determined which ones
identify families likely to benefit from CDHI screening. Eight
of the 15 (53%) families who meet criterion 1 (two or more
documented cases of DGC in first degree relatives, with at
least one diagnosed before age 50) had a CDHI1 mutation;
four of the 10 (40%) families who met our revised criterion
1A (two or more cases of GC, with at least one documented
DGC diagnosed before the age of 50) and one family that met
criterion 6 (one family member diagnosed with DGC and
another with colon cancer) carried CDHI1 mutations (table 1).
The single family that met criterion 6 had a family member
with a signet ring carcinoma of the colon, a cancer known to
be associated with somatic loss of E-cadherin expression.”
The optimal criteria for CDH1 diagnostic screening, as
determined in the present study, are fulfilment of criterion
1, or the less stringent criterion 1A. Insufficient families met
criterion 2, so assessment of this criterion as a means of
identifying families for CDH1 diagnostic screening could not
be addressed using this sample set. No mutations were
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identified in the family (F22) that, upon pathologic review,
was demonstrated to have intestinal type gastric cancer.

Twelve of the 42 DGC families included women with breast
cancers. Within the 25 families who met criteria 1 or 1A there
were 17 women with breast cancer; of these three had con-
firmed lobular breast cancer and one ductal adenocarcinoma:
the pathologic subtype of the other breast cancers is
unknown. Within these 25 families there were 128 women
who were either sisters or mothers of individuals with gastric
cancer or sisters or mothers of obligate carriers for gastric
cancer susceptibility. In the 12 criteria 1 or 1A families in
whom a CDHI1 mutation was identified, 12 breast cancers
occurred amongst 75 at risk females only half of whom
would be expected to carry mutations. These 12 breast
cancers occurred in five CDH1 mutation positive families
with five cases concentrated in family F11 (fig 2). Although
insufficient genotyping and pathological data for a formal
penetrance study are available, our results appear concordant
with the previous calculated breast cancer risk of 39% in
germline CDH1 mutation carriers. The five CDH1 mutations
from the families with HDGC and breast cancers were
distributed across the gene suggesting that no genotype—
phenotype correlation is present.

DISCUSSION
A role for E-cadherin in tumour development is now well
established,” since many human carcinomas such as skin,
head and neck, lung, breast, thyroid, gastric, colon, and
ovarian exhibit reduced E-cadherin expression relative to
their normal cellular counterparts. Somatic loss of E-cadherin
expression is seen in most diffuse gastric cancers and in
lobular breast cancers, although expression is usually
maintained in intestinal gastric cancers and ductal breast
cancers.'* ** >

In sporadic diffuse gastric cancers and lobular breast
cancers, E-cadherin loss is associated with somatic point
mutations of the E-cadherin gene, loss of heterozygosity, and/
or promoter hypermethylation.' '* > ** The sequence of these
events is unknown. In most carcinomas loss of E-cadherin is
usually a late event associated with invasion and metastasis.
In hereditary diffuse gastric cancers, however, E-cadherin
loss is likely to be an early, and potentially an initiating event.

The genetic attributable risk for gastric cancer development
is similar to that for breast and colorectal cancers.”” As with
these other cancers, there are families demonstrating auto-
somal dominant inheritance and also those that show
clustering of gastric cancers for which the etiology is likely
multifactorial.”” Family history is a positive risk factor for
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Table 4 Functional characterisation of missense mutations

Aggregation

Invasion

Particle diameter (um) Ty

Particle diameter (um) T;o

Invasion index (%)

Mock cells* 16.52 19.25 10.8+1.2
Wild type 17.95 1067.00 12402
A298T 21.60 26.21 13.5+0.8
WAO9R 20.00 3221 22.05+0.7
R732Q 22.08 29.22 132411

*A heterogeneous cell population characteristic of cells fransfected with the empty vector.

both diffuse and intestinal gastric cancers.” The heritable
factors that account for the increased risk in families of index
cases include both highly penetrant mutations as well as
polymorphisms that may modify host-environment interac-
tions.”” ** Autosomal dominant gastric cancer is both clini-
cally and genetically heterogeneous. Most families show only
diffuse cancers.” Gastric carcinomas are seen in families with
germline p53 mutations,” and hereditary non-polyposis
colon cancer (HNPCC).* However, 85% of HNPCC associated
gastric cancers are of the intestinal type.* *' Gastric cancer is
also seen in both Peutz-Jeghers syndrome (PJS) and familial
adenomatous polyposis (FAP). In PJS, hamartomatous
polyps in the stomach occur in approximately 24% of
patients.”” > However, the risk of gastric cancer is small.
Although gastric adenomatous polyps occur in about 10% of
individuals with FAP, the risk of gastric cancer is small.”>™>

In 1998, Parry Guilford and colleagues described germline
truncating E-cadherin mutations in three Maori families with
autosomal dominant diffuse gastric cancer.® Soon afterward,
we reported similar mutations in three families of Northern
European origin.” E-cadherin acts as a tumour suppressor
gene in these families, with the loss of expression of the wild
type E-cadherin allele usually occurring through promoter
hypermethylation.* To date, including this study, 27 truncat-
ing E-cadherin mutations have been reported, only one of
which has been found twice.” ' **** These mutations are
present in approximately one third of families with two or
more first degree relatives having confirmed cases of diffuse
gastric cancer.” A penetrance analysis of E-cadherin muta-
tions in 11 families showed an estimated cumulative risk of
gastric cancer by age 80 years of 67% for men (95%
confidence interval (95% CI) 39 to 99) and 83% for women
(95% CI 58 to 99).”

We have screened a series of 42 DGC families for germline
mutations in the CDH1 gene. Thirteen families (31% overall)
had either overt loss of function mutations or missense
mutations likely to have functional consequences for the
E-cadherin protein. Functional assays have demonstrated
that all missense mutations do not retain the wild type
E-cadherin functions of cell adhesion and suppression of
invasion. All of the CDHIl mutations observed in these
families are novel, underlining the absence of founder effect
previously noted for CDH1 mutations underlying this familial
cancer.”

When a detailed comparison of CDH1 mutation status v
family ascertainment criteria is performed it is apparent,
however, that families that have CDH1 mutations are those
with a strong family history of early onset diffuse gastric
cancer. Some 48% of such families had germline CDHI1
mutations in this study. The nature of the families in this
sample set makes it difficult to determine whether a strong
family history alone (in the absence of early onset disease;
criterion 2) also correlates with the presence of CDHI
mutations. The only family (F7) with an E-cadherin
mutation (W409R) that does not meet criteria lor 1A,
included an individual with a histologically defined signet
ring cell cancer of the colon (SRCC). We have previously

observed an SRCC in a 35 year old male with another CDH1
missense mutation (Thr340Ala)." Signet ring carcinomas of
the colon are extremely rare, representing nine of 3000
(0.003%) of colon cancers in a series of colon cancers from
Singapore,* 27 of 2589 (0.01%) cases from Canada,” and 24
of 323 (7%) colon cancer from the USA.* The higher
proportion of signet ring carcinomas in the latter study
reflect that this study cohort was derived from a clinical trial
versus being population based. Although up to 50% of
SRCCs have microsatellite instability, a feature associated
with HNPCC, little is known about the pathogenesis of
microsatellite stable cases other than loss of E-cadherin
expression.” *® The occurrence of this rare subtype of colon
cancer in two CDHI1 mutation positive families is insufficient
to prove an association. However, given the known role of
loss of somatic E-cadherin expression in SRCCs and the
reported presence of intramucosal signet ring carcinoma, a
lesion previously described in the prophylactic gastrectomy
specimens of germline CDH1 mutation carriers, a role for
CDHI1 germline mutation in the susceptibility to SRCC is
feasible®” and warrants further investigation.

Our study and others® '* show that a single individual with
early onset DGC without a strong family history is unlikely to
carry a CDHI germline mutation. Our current data set does
not contain enough families with both lobular breast cancer
and DGC to determine if CDHI screening is advisable for
such families.

Breast cancer was reported in the first E-cadherin
associated HDGC families,® but the histologic type was not
determined. Keller® reported a family in which a germline
truncating mutation carrier had a lobular breast cancer. In
sporadic lobular breast cancers, loss of E-cadherin expression
is commonly seen and somatic mutations are frequently seen
in combination with loss of heterozygosity at the E-cadherin
locus. In the 11 families included in the IGCLC penetrance
study,* nine cases of breast cancer were reported. For
women, the cumulative risk of breast cancer was 39% (95%
CI 12 to 84). Lobular cancer was present in all five cases
where pathology was available. No CDH1 mutations were
identified in the germline DNA of 65 women with lobular
breast carcinoma in situ (LCIS),* six families with both
breast and gastric cancers,” or in 13 patients with familial
lobular breast cancer.” In this study, 17 cases of breast cancer
occurred in families with germline E-cadherin mutations.
However, only 4/17 cases of the breast cancers could be
confirmed pathologically. Of these, three were the lobular
type. These data are supportive but insufficient to conclu-
sively prove an association between lobular breast cancer and
germline E-cadherin mutations. Since breast cancers were
also seen in the CDHI1 negative families it is possible that the
cancer susceptibility in these families may be caused by
CDH1 mutations missed by bi-directional sequencing or
mutation events in genes that, like CDHI, have relevance for
both DGC and LBC.

These results are key for the development of optimal
guidelines for the management of individuals within HDGC
families. At present, the best preventive treatment for HDGC
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is prophylactic gastrectomy, a procedure that is life saving but
has an associated high morbidity and mortality rate. The
importance of identifying the genetic basis of cancer
susceptibility in HDGC families has been underscored by
the recent observation of early gastric cancers in 10
prophylactic gastrectomy samples from germline E-cadherin
mutation carriers.” * The findings suggest that prophylactic
gastrectomy is currently the best treatment for germline
mutation carriers and that current endoscopic screening
techniques are inadequate. In 50-70% of HDGC families,
cancer susceptibility is caused by unknown genetic factors
and so predictive testing is not possible at present. Missense
mutations remain problematic for clinical management
because, without both extensive family data and functional
data, it is difficult to predict the pathogenicity of a missense
mutation. In the absence of such data, it may not be
appropriate to use E-cadherin missense mutation status to
segregate risk within an HDGC family.

A total of 29 families were found not to have a mutation in
the coding region of the E-cadherin gene. These families
could carry a CDHI mutation for which our assay is
insensitive, such as a small intragenic deletion involving
one or more exons. However, it may be more likely that most
of these families bear mutations in other HDGC susceptibility
genes that remain to be discovered. This view is consistent
with previous observations of genetic*®”' and linkage*
heterogeneity in this disease. Unfortunately only a minority
of these families are of adequate size to permit linkage
mapping. Identification of novel genes that underlie HDGC
will therefore rely on combination strategies that employ
candidate gene screening, perhaps in combination with
linkage mapping in those few families of sufficient size.
The 29 CDHI mutation negative families identified in this
study represent a resource for the identification of novel
HDGC genes. Identification of such genes will substantially
improve the diagnostic opportunities for at risk individuals in
such families, in addition to providing information about the
biochemical pathways that underlie this disease.

In conclusion, germline CDH1 mutations are present in
close to 50% of families in which there is both a documented
DGC in an individual diagnosed at age 50 or younger and a
family history of gastric cancer. Testing individuals who do
not meet these criteria is unlikely to yield CDH1 mutations.
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